• Cultivar-strain specificity in the wheat-Zymoseptoria tritici pathosystem 36 determines the infection outcome and is controlled by resistance genes on the 37 host side, of which many have been identified. However, on the pathogen side, 38 the molecular determinants of specificity are largely unknown. 39
• We used genetic mapping, targeted gene disruption and allele swapping to 40 characterize the recognition of the new avirulence factor Avr3D1. We then 41 combined population genetic and comparative genomic analyses to estimate the 42 evolutionary trajectory of Avr3D1. 43
• Avr3D1 is specifically recognized by cultivars harboring the resistance gene Stb7 44 and triggers a strong defence response without preventing pathogen infection 45 and reproduction. Avr3D1 resides in a cluster of putative effector genes located 46 in a region populated by independent transposable element insertions. The gene 47 is present in all 132 investigated strains and is highly polymorphic, with a total of 48 30 different protein variants. We demonstrated that certain amino acid mutations 49 in Avr3D1 led to evasion of recognition. 50 μ g/mL) at 185 37°C or in LB medium containing kanamycin sulfate (50 μ g/mL), carbenicillin (100 186 μ g/mL) and rifampicin at 28°C (50 μ g/mL), respectively. 187 188
Generation of plasmid constructs for targeted gene disruption and ectopic 189 gene integration 190
All PCR reactions for cloning procedures were performed using NEB ® Phusion 191 polymerase (New England Biolabs) with primers listed in Table S1 . All DNA 192 assembly steps were conducted with the In-Fusion ® HD Cloning Kit (Takara Bio, 193 1 0 stress condition consisted of growth at 28°C on YMS. Inoculum preparation and 296 quantification were the same as for the infection assays. 2.5-μL drops of spore 297 suspensions of 10 7 , 10 6 , 10 5 and 10 4 spores/mL were plated on the media described 298 above. Plates were assessed after 6 days of upside-down incubation. Mutant lines 299 exhibiting abnormal development or growth deficiencies were excluded from further 300 experiments. 301 302 Manual annotation of three small secreted proteins in the QTL for virulence 303
We used RNAseq raw data of IPO323 infecting wheat seedlings (Rudd et al., 2015) 304 to manually annotate the gene Zt09_7_00581. To annotate the other genes in the 305 cluster, we used RNAseq raw data of 3D7 from two different experiments and at 6 306 different time points (Palma-Guerrero et al., 2016) . The data was previously 307 deposited in NCBI with the experiment numbers SRP061444 and ERP009837. 308
RNAseq reads were analysed as described in Hartmann & Croll (2017) . Possible 309 reading frames were manually examined using Integrative Genomics Viewer (IGV, 310 Broad Institute, Robinson et al., 2011) . Signal peptides were predicted using Signal 311 P 4.1 (CBS, Petersen et al., 2011) . 312 313
Zymoseptoria tritici strain collections 314
We used 132 strains collected in four different countries (Switzerland, Israel, US and 315 Australia; (Zhan et al., 2005) ). Whole-genome Illumina sequencing data of the 132 316 strains was previously deposited on the NCBI Short Read Archive under the 317 BioProject ID numbers PRJNA178194 and PRJNA327615 (Torriani et al., 2011; Croll 318 et al., 2013; Hartmann & Croll, 2017; Hartmann et al., 2017) . We used complete 319 genome assemblies of IPO323, ST99CH_3D1 (3D1), ST99CH_3D7 (3D7), 320 ST99CH_1E4 (1E4) and ST99CH_1A5 (1A5) previously described by Goodwin et 321 al., (2011) and Plissonneau et al., (2016; 2018) . BLAST searches were performed 322 using the blastn command of the ncbi-blast-2.2.30+ software (Camacho et al., 2009) . 323
Synteny of the QTL between IPO323, 3D1, 3D7, 1E4 and 1A5 was analyzed using 324 blastn and visualized using the R package genoPlotR v. 0.8.4 (Guy et al., 2010) . 325
Homologs of Avr3D1 were identified by Blastn using CLC Genomic Workbench 9 326 (Qiagen) in the strains 3D1, 3D7, 1E4 and 1A5. 327 1 1
We searched for orthologs of Avr3D1 using the blast algorithm implemented in CLC 329
Genomics Workbench 9 (Qiagen) in one strain of Zymoseptoria passerinii [NCBI 330 genome accession no. AFIY01 (fungal strain SP63)], four strains of Z. ardabiliae 331 [AFIU01 (STIR04 1.1.1), AFIV01 (STIR04 1.1.2), AFIW01 (STIR04 3.13.1), AFIX01 332 (STIR04 3.3.2)], one strain of Z. brevis Zb18110 (LAFY01), and five strains of the 333 sister species Z. pseudotritici [AFIQ01 (STIR04 2.2.1), AFIO01 (STIR04 3.11.1), 334 AFIR01 (STIR04 4.3.1), AFIS01 (STIR04 5.3), AFIT01 (STIR04 5.9.1)]. The 335 genomes were downloaded from NCBI under the accession numbers PRJNA63035, 336 PRJNA277173, PRJNA63037, PRJNA63039, PRJNA343335, PRJNA343334, 337 PRJNA343333, PRJNA343332, PRJNA63049, PRJNA273516 and PRJNA46489. 338 339
Presence/absence polymorphism of TEs and annotation 340
Repetitive DNA was identified for the 132 strains. For 3D1, 3D7, 1E4 and 1A5 full 341 genome annotations were already available (Plissonneau et al., 2016; Plissonneau 342 et al., 2018) . We annotated and masked repetitive elements in the genomes of the 343 remaining 128 strains using RepeatModeler version 1.0.8, as described before 344 (Plissonneau et al., 2016) and we masked the genomes using RepeatMasker 345 version 4.0.5 with the library previously obtained for Z. tritici strain IPO323 346 (Grandaubert et al., 2015) unlikely to affect all nucleotides in a gene, ω averaged over all sites is rarely > 1. We 372 focused on detecting positive selection that affects only specific codons in Avr3D1 by 373 applying the maximum-likelihood method CodeML implemented in the PAML 374 software (Phylogenetic Analysis by Maximum Likelihood; (Yang, 1997; Yang, 2007) 
Results

379
Differences in virulence map to an effector gene cluster on chromosome 7 380
To identify the gene(s) responsible for the differences in virulence between 3D1 and 381 3D7, we generated a new linkage map based on the completely assembled genome 382 of the parental strain 3D7 (Plissonneau et al., 2016) . Mapping onto the new genome 383 sequence provided twice as many SNP markers and enabled the identification of 384 additional crossovers that allowed us to reduce the number of candidate genes in the 385 previously identified virulence QTL on chromosome 7 (Stewart et al., 2018) . The new 386 map yielded a narrower QTL interval (LOD=41.5, p<10 -15 ) located within the original 387 QTL interval. The 95% confidence interval for the new QTL in 3D7 spanned 75 kb 388 and contained only 4 of the 35 genes identified in the original QTL, including 389 Mycgr3T105313, Zt09_7_00581, Mycgr3T94659 (Zt09_7_00582) and the predicted 390 SSP-encoding gene QTL7_5. A manual RNAseq-supported reannotation in 3D7 of 391 the confidence interval revealed two additional genes predicted to encode SSPs, 392 which were named SSP_3 and SSP_4 (Fig. S2 , Table S2 ). Zt09_7_00581 was 393 reannotated as also encoding a predicted SSP after identifying an upstream start 1 3 codon ( Fig. S2 , Table S2 ). The four genes predicted to encode SSPs in 3D7 formed 395 a cluster of putative effectors. 396 397
Avr3D1 recognition contributes to quantitative resistance 398
In contrast to SSP_3 and SSP_4, the genes Zt09_7_00581 and QTL7_5 are highly 399 expressed during infection (Stewart et al., 2018, Fig. S2b ). Therefore, we considered 400 them as the best candidate genes to explain the virulence QTL and they were 401 selected for functional validation. Knockout mutants in both parental strains were 402 generated by targeted gene disruption and used for virulence assessments in cv. 403
Runal. Mutants in QTL7_5 in the 3D7 and 3D1 backgrounds (3D7∆qtl7_5 and 404 3D1∆qtl7_5) did not show an altered phenotype when they were scored for host 405 damage ( Fig. S3 ), suggesting that QTL7_5 is not involved in virulence on cv. Runal. 406
Similarly, the virulence phenotype of the Zt09_7_00581 mutant in the 3D7 407 background (3D7∆avr3D1) was unaltered compared to the wild type ( Fig. 1A, S4 ), 408 but disrupting Zt09_7_00581 in 3D1 (3D1∆avr3D1) led to faster development of 409 necrotic lesions and to the production of more pycnidia compared to the wild type 410 3D1 ( Fig. 1A, S4 , S5). Phenotypic alterations of the knockout lines in 3D1 were 411 specific to in planta conditions, as no developmental alterations were observed when 412 the mutants were grown on solid media used for stress assays (Fig. S6 ). The facts 413 that Zt09_7_00581 negatively affects virulence in 3D1 but not in 3D7 and that in vitro 414 growth is unaffected by gene deletion suggests that this gene encodes an avirulence 415 factor, so we renamed this gene Avr3D1. Even though Avr3D1 hinders the 416 progression of the infection by 3D1, the avirulent strain is able to infect and produce 417 pycnidia. Thus, Avr3D1 triggers a quantitative resistance response. 418
419
To find out if 3D7 modulates the expression of Avr3D1 to escape recognition, we 420 quantified expression levels during infection for both strains. The expression pattern 421 of Avr3D1 in the virulent 3D7 strain was similar to 3D1, demonstrating that 3D7 is 422 able to infect despite highly expressing Avr3D1. Avr3D1 expression was high during 423
the entire asymptomatic phase, peaking before the switch to the necrotrophic phase 424 but dropping rapidly after the first symptoms appeared ( Fig. S7) , indicating a role for 425 this SSP in host colonization, possibly during the asymptomatic phase, the switch to 426 necrotrophy, or both. 427 1 4
Avr3D1 is recognized by different wheat cultivars harboring Stb7 429
To determine if recognition of Avr3D1 3D1 is mediated by a specific resistance protein, 430 a set of 16 additional wheat cultivars was assessed for resistance against 3D1 and 431 3D1∆avr3D1. Three (Estanzuela Federal, Kavkaz-K4500 L.6.A.4 and TE-9111) out 432 of 16 cultivars exhibited a significantly lower level of resistance against 3D1∆avr3D1 433 compared to 3D1 (Fig. 2, S8 ), suggesting the presence of a host-specific factor 434 contributing to resistance against 3D1, possibly a resistance protein. In none of 435 these three cultivars did the presence of Avr3D1 completely abolish lesion 436 development and pycnidia production, demonstrating that the quantitative nature of 437 Avr3D1 3D1 -induced resistance is a general phenomenon and not restricted to cv. 438
Runal. All three cultivars that exhibited Avr3D1 3D1 -induced resistance were reported 439 to carry the resistance gene Stb7 (Brown et al., 2015) and are also likely to carry the 440 linked resistance gene Stb12 (Chartrain et al., 2005) , leading us to propose Stb7 and 441
Stb12 as candidate resistance proteins recognizing Avr3D1 3D1 . 442
443
The effector cluster resides in a highly dynamic region of the genome 444
Effector genes are located in plastic, transposable element-rich regions of the 445 genome in many fungal pathogens (Soyer et al., 2014; Dong et al., 2015; Faino et 446 al., 2016) . We explored the plasticity of the genomic region harboring the effector 447 gene cluster in order to understand the evolution of Avr3D1. With this aim, we 448 performed alignments of the QTL of the 3D7 genome to the genomes of 3D1, the 449 reference strain IPO323 and Swiss strains 1E4 and 1A5. These alignments revealed 450 the absence of SSP_3 and SSP_4 in 3D1, IPO323 and 1E4 and the absence of 451 SSP_3 in 1A5 ( Fig. 3a, S9 ). In order to gain further insight into the plasticity of this 452 effector cluster, we extended our analysis using Illumina genome sequences of 128 453 Z. tritici strains obtained from four different field populations located on three 454 continents (Hartmann & Croll, 2017; Hartmann et al., 2017) . SSP_3 and SSP_4 were 455 absent in 65% and 42% of the strains, respectively, whereas Avr3D1 and QTL7_5 456 were present in all or 95% of the strains, respectively (Fig. 3b ). The 457 presence/absence polymorphisms exhibited by several SSP-encoding genes in this 458 cluster highlight the dynamic nature of the genomic region harboring the virulence 459
QTL. 460
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To investigate whether Avr3D1, SSP3, SSP4 and QTL7_5 originated after 462 speciation, we analyzed Z. tritici sister species to determine if they contained 463 homologs of the genes. A homolog of Avr3D1 was identified in all examined strains 464
of Zymoseptoria pseudotritici and Zymoseptoria ardabiliae, but not in Zymoseptoria 465 brevis or Zymoseptoria passerinii, suggesting that Avr3D1 originated before Z. tritici 466 speciation. Homologs of QTL7_5 and SSP_3 were found in only 2 out of 4 strains of 467 Z. ardabiliae but not in Z. pseudotritici (Fig. 3b ). Homologs of SSP_4 were not 468 identified in the other Zymoseptoria species, indicating that this gene may have 469 originated after Z. tritici speciation. 470
471
We extended our investigation on the genomic plasticity of the effector gene cluster 472 to consider the presence of repetitive elements and TEs. Two insertions of TEs (of 473 44.5 kb and 9.5 kb, respectively) flanked the four SSP-encoding genes in 3D7, but 474 not in 3D1, where a different TE insertion was present upstream of the QTL ( Fig. 2a ). 475
The insertion upstream of the SSP genes in 3D7 consisted of an island of 10 476 different TEs, located 1.3 kb upstream of the start codon of Avr3D1. The closest TE 477
to Avr3D1 is a DNA TE from the Crypton superfamily, which is relatively rare in Z. and Mutator in 1E4 and 1A5). We extended the analysis of chromosomal 487 rearrangements to the 132 global strains. Remarkably, we observed that 18% of 488 these strains contained at least one TE within 6.5 kb upstream of the cluster. 489
Furthermore, seven different insertions were identified between Avr3D1 and 490 QTL7_5. The inserted TEs belonged to different superfamilies and were located at 491 various positions ( Fig. 3b ), suggesting that several different insertion events 492 occurred independently. Thus, the effector cluster resides in a highly dynamic region 493 of the genome, in accordance with what has been previously described for other 1 6
pathogenic fungi in which effectors reside in fast-evolving regions of their two-speed 495 genome (Raffaele & Kamoun, 2012) . 496 497 Avr3D1 is highly polymorphic in four global Z. tritici field populations 498
Escape from recognition is often mediated by modifications in avirulence gene 499 sequences. Therefore, we explored sequence polymorphisms of the avirulence gene 500
Avr3D1. In the strain 3D1, the avirulent allele of Avr3D1 (Avr3D1 3D1 ) encodes a 501 protein of 92 amino acids with a predicted signal peptide of 21 amino acids and a 502 high number of cysteines (8 residues, 11.3%). Avr3D1 has three exons, of which 503 only exon 1 and exon 2 contain coding DNA. The sequence polymorphism of Avr3D1 504 was analyzed in the same four global Z. tritici populations used for TE 505 presence/absence analyses. Among these 132 strains, 31 different alleles were 506 identified, encoding 30 different protein variants, all of which were population-specific 507 ( Fig. 4a) . Strikingly, the 500 bp upstream of the start codon and the 500 bp following 508 the stop codon showed lower diversity (π Up flanking = 0.0179; π Down flanking = 0.0023) 509 than the coding DNA sequence (CDS; π CDS = 0.067). In addition, nucleotide diversity 510 was much lower in the first intron (π intron1 = 0.0003) and the signal peptide sequence 511 (π sp = 0.0112) compared to the sequence encoding the mature protein (π mature protein = 512 0.068, Fig. 4 , S10). This pattern is consistent with accelerated diversification of the 513 CDS, as confirmed by the high ratio between nonsynonymous and synonymous 514 mutations (dN/dS) in the populations (Notes S1). According to the codon-based 515 maximum likelihood approach, 58 out of 96 codon sites were estimated to be under 516 purifying selection, 3 were neutral, and 35 were under diversifying selection ( Fig. 4b , 517
Notes S1), suggesting that strong diversifying selection has led to high sequence 518 polymorphism of Avr3D1. We hypothesize that numerous adaptive mutations have 519 occurred in this avirulence gene, most probably to counteract recognition by a 520 resistance protein. 521
Despite the high protein diversity, the amino acid substitutions did not affect the 522 signal peptide and did not occur in any of the eight cysteine residues, indicating that 523 the overall backbone structure of Avr3D1 is conserved. Remarkably, in the orthologs 524 in Z. pseudotritici and Z. ardabiliae (with 60.2% and 53.5% protein identity, 525 respectively) all the cysteine residues were also conserved ( Fig. 4 , S11, S12). This 526 conservation of the overall protein structure may indicate a general role for Avr3D1 in 527 host colonization that was preserved after speciation. 
Substitutions in Avr3D1 lead to evasion of recognition 530
The Avr3D1 variants in the avirulent strain 3D1 and in the virulent strain 3D7 share 531 86% sequence identity as a consequence of 12 amino acid substitutions and one 532 gap in 3D7 (Fig. 1b) . To determine the impact of these differences on recognition, we 533 ectopically expressed the 3D1 (Avr3D1 3D1 ) and the 3D7 (Avr3D1 3D7 ) alleles of 534
Avr3D1 under the control of the promoter from 3D1 in the knockout background and 535 tested the ability to complement the phenotype of 3D1∆avr3D1. Avr3D1 3D1 fully 536 complemented the virulence phenotype of 3D1∆avr3D1 with respect to both lesion 537 development and pycnidia production. However, Avr3D1 3D7 did not alter the 538 phenotype of 3D1∆avr3D1, indicating that Avr3D1 3D1 but not Avr3D1 3D7 triggers an 539 immune response in cv. Runal (Fig. 1a ). Moreover, expression of Avr3D1 3D1 under 540 the control of the promoter from 3D1 in the 3D7∆avr3D1 background led to a 541 significant reduction in disease (avirulence), whereas expression of Avr3D1 3D7 did 542 not alter the phenotype in the same genetic background ( Fig. 1a ). Therefore, 543 Avr3D1 3D1 , but not Avr3D1 3D7 , is recognized in both genetic backgrounds, 544 demonstrating that substitutions in Avr3D1 led to evasion of recognition in the 545 virulent strain 3D7. 546 547
Discussion
548
In numerous plant pathosystems, a key determinant of host specificity is the 549 resistance protein-mediated recognition of avirulence factors, which are often SSPs. 550
Though 20 race-specific large-effect resistance genes against Z. tritici have been 551 mapped in the wheat genome, their fungal interactors remain unknown with the 552 exception of the resistance gene Stb6. Here, we report the discovery of a new Z. 553 tritici gene, Avr3D1, encoding a cysteine-rich small secreted protein that triggers 554 quantitative resistance in wheat cultivars harbouring the Stb7 locus. 555 556
Avr3D1 recognition induces quantitative resistance 557
Avr3D1 is a candidate effector that is expressed during the latent phase but 558 downregulated upon the onset of the necrotrophic phase, suggesting a function in 559 host colonization during the latent phase. The recognition of the avirulent allele leads 560 to a dramatic reduction in the amount of infection and pycnidia formation. This 1 8
demonstrates that Avr3D1 is an avirulence factor that is likely to be specifically 562 recognized by an Stb gene. The fact that only certain wheat cultivars recognize 563
Avr3D1 suggests that recognition follows the gene-for-gene model. In contrast to 564 what has been shown for most other avirulence factors, Avr3D1 recognition does not 565 lead to full resistance, but instead to quantitative resistance in which the pathogen is 566 impaired in its ability to infect, but eventually completes its life cycle. The 567 mechanisms through which Z. tritici eventually circumvents the resistance response 568 remain unknown. We hypothesize that the magnitude of the defence response is not 569 strong enough to prevent the progression of the infection and/or that the 570 downregulation of Avr3D1 during the necrotrophic phase substantially decreases the 571 defence response. However, the strength of the response may still be sufficient to 572 limit propagation of the pathogen under field conditions, in which case the underlying 573 resistance gene could be a valuable source of resistance for breeding programs. 574
Pyramiding of Stb resistance genes is an objective in several breeding programs 575 because this approach is thought to be an effective and durable strategy to control 576 septoria tritici blotch in the field (Chartrain et al., 2004; Kettles & Kanyuka, 2016) . In 577 fact, TE-9111 and Kavkaz-K4500 L6.A.4, two of the cultivars that specifically 578 recognized Avr3D1, contain at least three Stb genes and are major sources of 579 resistance to Z. tritici (Chartrain et al., 2004) . Our work might contribute to the 580 identification of the corresponding Stb gene in the future. 581
582
In this work, we show that asexual reproduction can occur even upon induction of 583 effector-triggered defence. In the case of AvrStb6 recognition, Stb6 strongly hinders 584 the progression of infection, abolishing the induction of necrosis (Kema, GHJ et al., 585 2000; Ware, 2006; Zhong et al., 2017) . In contrast, recognition of Avr3D1 triggers a 586 weaker form of resistance that prolongs the asymptomatic phase, while allowing 587 necrotic lesions to develop and pycnidia to form. These findings highlight the 588 continuum between qualitative and quantitative resistance in gene-for-gene 589
interactions. Although we identified an avirulence gene that has a large effect on 590 some wheat cultivars, additional factors must contribute to the differences in 591 virulence between the two strains, because the density of pycnidia formed by the 592 Avr3D1 knockout in the avirulent strain was still lower than the pycnidia density 593 produced by the virulent strain. The provided data highlight the quantitative nature of 1 9
596 Chromosome rearrangements contribute to diversification of the effector gene 597 cluster 598 Avr3D1 and the three other genes in the effector gene cluster are located on the 599 right arm of chromosome 7, which is distinctive because of its low overall expression 600 levels (Rudd et al., 2015) and its enrichment in heterochromatin (Schotanus et al., 601 2015) . In fact, it was postulated that this region originated from a fusion between an 602 accessory chromosome and a core chromosome (Schotanus et al., 2015) . 603
Numerous independent insertions of transposable elements surrounding Avr3D1 604 were identified in 132 global strains of Z. tritici. Transposable elements are frequently 605 described as an evolutionary force shaping adjacent regions by contributing to 606 diversification through non-homologous recombination or RIP (Faino et al., 2016; 607 Wicker et al., 2016) . Given that four putative effector genes are clustered in this 608 region, transposable elements could play a similar role in facilitating rapid evolution 609 of these effectors, but may also enable concerted expression of effector genes 610 during infection by chromatin remodelling (Soyer et al., 2014; Schotanus et al., 611 2015) . In the case of this effector gene cluster, transposable elements might have 612 contributed to the high diversity of the avirulence gene Avr3D1 and the 613 presence/absence polymorphisms shown for the other effector genes. Sequence 614 diversification is particularly relevant for pathogen effectors, as they are key players 615 in the coevolution with their hosts. Indeed, sequence modifications of Avr3D1 in the 616 virulent strain allowed an escape from recognition by the corresponding resistance 617 protein. 618 619
Avr3D1 sequence variation to evade recognition 620
A common evolutionary strategy for evading recognition is the loss of an entire 621 avirulence gene (Schürch et al., 2004; Mackey & McFall, 2006; de Jonge et al., 622 2012; Hartmann et al., 2017) . However, loss of Avr3D1 was not observed in any of 623 the 132 global strains, despite its location in a highly plastic genomic region, as 624
shown by presence/absence polymorphisms for neighbouring genes and 625 transposable elements. Other deleterious mutations such as frameshifts, premature 626 stop codons and non-functional splice sites were not found. Despite the high overall 627
diversity, all the cysteine residues and the signal peptide, two core features of 628 effector proteins, were completely conserved. The absence of any high-impact 629 2 0 mutations suggests that loss of Avr3D1 may impose a significant fitness cost. We 630 therefore hypothesize that Avr3D1 plays a crucial role in the life history of Z. tritici, 631 though we could not demonstrate a contribution of Avr3D1 to lesion or pycnidia 632 formation in susceptible varieties during the seedling stage under greenhouse 633 conditions. It is possible that the role of Avr3D1 is more pronounced under field 634 conditions or at different developmental stages, e.g. in adult plants. An additional 635 hypothesis to explain the apparent dispensability of Avr3D1 is that functional 636 redundancy masks phenotypic effects in the knockout mutants (Marshall et al., 2011; 637 Win et al., 2012; Mirzadi Gohari et al., 2015; Rudd et al., 2015) . 638 639
Conclusion 640
We identified a new major avirulence factor of Z. tritici (Avr3D1) that we hypothesize 641 is recognized by Stb7 or Stb12. Unlike what has been described for most described 642 avirulence factors, recognition of Avr3D1 does not prevent lesion formation or 643 pathogen reproduction, demonstrating that race-specific resistance is not always 644 qualitative. Finally, our comprehensive comparative genomic analysis suggests that 645 effectors in Z. tritici are located in dynamic genomic compartments favouring rapid 646 evolution, which may facilitate adaptation to the evolving wheat host. Table S1 . Primers used in this study. 956 Table S2 . Effector gene cluster annotation. gff file of the manually reannotated 957 effector genes identified in the QTL. 958 Table S3 . Model test and parameter estimates of diversifying selection with PAML 959 based on the total Avr3D1 data set. 960 Notes S1. Population genetic analysis. 961 962 963 964
